Supplementary Note 1: Surface potential and topography analysis.
We measured the surface-potential distribution of the perovskite films using KPFM. 1, 2 Figure S6a shows a typical KPFM image over a 55 m 2 area. In comparison to the neighboring grains, GBs show higher (more positive) surface potential, suggesting a downward band-bending around the GBs in the likely lightly doped p-type material. 3 Figures S6b,c show two typical linescans of surface-potential distribution across several consecutive grains as indicated in Figure   S6a . Both line-scans show that the potentials at the GBs are about 100 mV higher than those from the adjacent grain surfaces, whereas the potentials along the grain surfaces are relatively unchanged. Figure S6d -f shows the corresponding topography and line profile analysis; there is no significant cross-talk between topography and potential images. The magnitude of surface potential bending is similar to that measured for CIGS, CZTS, and CdTe (~100-300 mV). 4, 5 However, because of the likelihood of surface depletion-induced potential gradient from the bulk toward the surface, it is difficult to determine the absolute value of band bending at GBs inside the film from the surface-potential mapping. Nevertheless, the positive potential peak is expected to attract electrons (minority carriers) into GBs and repel photogenerated holes away from GBs.
Although this positive potential at the GBs could facilitate a conducting channel along GBs, 6, 7 it could also presents a potential barrier that inhibits carriers from moving freely across the GBs. 
Supplementary Note 2: Fitting method explanation
Immediately after excitation and before the carriers have reached a grain boundary, the excess electron and hole density follows assuming no recombination and in two dimensions. 8 (S1) ( -) Figure S11 shows the PL decay traces on a double-exponential scale for grains with relatively large grain sizes (as indicated). It is worth to note that the instrument response time of the FLIM setup is about 0.25 ns and the time step used in the FLIM measurement is 0.128 ns. It is clear that the Equation S2 fits the results well for these grains. The residuals for each of these fits are also shown and indicate that the fitting quality is good. From these fits, we estimate the diffusion coefficient is about 0.0950.010 cm 2 s -1 . In contrast, the fits do not work well for small grains as illustrated in Figure S12 (grain size 1.3 and 0.5 m 2 ) and yield an unphysically low carrier diffusion coefficient because they do not account for the fact that the grain boundaries are impervious to carriers.
We also implemented a fully 3D model in COMSOL multiphysics that considers diffusion of charge carriers, bulk, surface, and grain boundary recombination (or transfer to the next grain), and photon recycling using the below coupled equations in the bulk of the grain: 9 (S3)
in which is the monomolecular recombination rate constant only considering bulk ' recombination, is the refractive index of the perovskite layer, c is the speed of light, is the density of photons of wavelength in the perovskite, P stay is the probability that an emitted photon will be guided inside the film by total internal reflection, and is the probability that light is emitted at wavelength . G is described by a Gaussian pulse in time and space with a temporal width (standard deviation) of 100 ps and a spatial width of 103 nm (see Figure S10 ).
The absorption coefficient in the perovskite at the excitation wavelength of 405 nm was taken to be 1410 4 cm -1 . We approximate the sum over wavelengths in Equations S3 and S4 by assuming that the perovskite emits only at one wavelength with a . For the purposes of this = 1 calculation this does not have a discernable influence on the outcomes as we are not interested in the actual spectrum of the emission. For the purposes of the simulation, we describe top and surface recombination as a flux of carriers out of the simulation volume of magnitude R s *n and grain boundary recombination as a flux R gb *n. For the photon density, the grain boundaries are transparent, but the top and bottom surfaces are not. Also, the parameter is given by ,
which is about 40 m 2 /s. The Equation S4 is valid in the situation where light is scattered inside the layer. It would be more appropriate in the thin film limit to do a full optical modeling using
Maxwell's equations, but we consider that outside the scope of the current paper and for the purposes of the current paper this approximation is sufficient. Figure S13 shows the temporal behavior of the carrier density n as a function of time for a square 11 µm grain where the laser beam is incident just to the side of the middle. It is clear from Figure S13 that the carrier density is basically equilibrated after about 5 ns even for a 1 µm 2 grain. When we turn off photon recycling in this calculation by setting P stay to zero, there is no visible difference.
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The effect of photon recycling on the dynamics of carriers is further illustrated by the calculated FLIM transients ( Figure S14 ) for the same grain shown in Figure S13 . Figure S15 ).We expect the same to be true for the film thickness (see also Figure S6 ).
Assuming the above log-normal distribution of grain sizes ( Figure S15 ) and a log-normal distribution of film thicknesses with an average thickness of 250 nm and a half width spread of 100 nm, we can use Equations 3 and 5 in the main text to calculate a distribution of expected observations on the FLIM lifetime. In this calculation shown in Figure S16 , we assume that film thickness and grain size are not correlated. It is clear from this figure that the experimentally observed spread in values can be accounted for by the variations in grain size and film thickness. 
